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(g) A magnetic field generator, a persistent current switch assembly for such a magnetic field generator, 
and the method of controlling such a magnetic field generator. 



(57) A magnetic field generator has a supercon- 
ductive coil (1) Immersed in a coolant material 
(6). When power is supplied to the supercon- 
ductive coil (1) from a suitable power source (5), 
the superconductive coil (1) is energised to 
generate the magnetic field. The ends of the 
superconductive coil (1) may then be shorted 
through a persistent current switch .(2), to main- 
tain the magnetic field without the need for 
further power. The persistent current switch (2) 
has a superconductive connection (12) connec- 
ted across the ends of the superconductive coil 
(1) and a heater (13). These components are 
enclosed in a casing (15) with a gap (14) be- 
tween these components and the casing (15). 
Apertures (16) in the casing (15) permit coolant 
material (6) to enter the gap (14). When the 
heater (13) is energised, it heats the coolant 
material (6) in the gap (14) until it vaporises. 
There is then a significant decrease in the 
thermal conductivity through the gap (14) hen- 
ce the superconductive connection (12) is 
heated rapidly to its critical temperature. Only 
low power is needed. When the heater (13) 
stops being energised, liquid coolant material 
(6) fills the gap (14) thereby rapidly cooling the 
superconductive connection (12) to below its 
critical temperature. 



FIG. 2 
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The present invention relates to a magnetic field 
generator, and in particular relates to such a magnetic 
field generator in which the magnetic field is gener- 
ated by a superconductive coil. The present invention 
also relates to a persistent current switch assembly 5 
for such a magnetic field generator, and to a method 
of operating such a magnetic field generator. 

In order to generate high magnetic fields, it is 
known to make use of superconductive coils. Such 
coils can generate high magnetic fields without need- 10 
ing the very large power demands that are required 
by a non-superconductive coil. Therefore, it is desir- 
able to make use of magnetic field generators based 
on superconductive coils for use, for example, in mag- 
netic resonance imaging (MRI), magnetically levitated 15 
vehicles, and other situations where high magnetic 
fields are desired. The superconducting coil is cooled 
to a temperature below its critical temperature by a 
suitable coolant material, such as liquid helium or liq- 
uid nitrogen. 2Q 

It is known that If the ends of a superconductive 
coil are connected together, when it is in the super- 
conducting state, the absence of magnetic resistance 
permits a current to flow through the coil without re- 
quiring external power. Such a current is known as a 25 
persistent current If a superconductive coil in the su- 
perconducting state has its ends shorted by a suitable 
switch, known as a persistent current switch, the su- 
perconductive coil can then be disconnected from the 
power supply. 3Q 

Normally, a persistent current switch makes use 
of a superconductive connection and means are pro- 
vided for causing that superconductive connection to 
change between superconducting and non-super- 
conducting states. When the superconductive con- 35 
nection is in the superconducting state, it shorts the 
ends of the superconductive cofl permitting the per- 
sistent current to flow. When the superconductive 
connection is in the non-superconducting state, the 
persistent current cannot flow. 40 

JP-A-1-1 17004 disc| oses a persistent current 
switch in which the switching of the superconductive 
connection is controlled by a heater. The persistent 
current switch is immersed in the same coolant ma- 
terial as the superconductive coil, and thus, in the ab- 45 
sence of heating, the superconductive connection will 
be in the superconducting state. If power is supplied 
to the heater, the superconductive connection is heat- 
ed and will, after suitable heating, reach its critical 
temperature, so that it switches to the non-supercon- so 
ducting state. When the heating is removed, the su- 
perconductive connection will cool due to the effect of 
the surrounding coolant material and will eventually 
return to the superconducting state. 

In such a persistent current switch, the speed of 55 
the switching operation is determined by the rates at 
which the superconductive connection can be heated 
and cooled. 



Normally, the superconductive connection and 
heater are protected by encapsulation by a suitable 
material, such as a thermally insulating material. 
However in an article entitled "High Resolution Nucle- 
ar Magnetic Resonance Spectroscopy in High Mag- 
netic Fields" by M.D. Sauzada and S.K. Kan in Adv. 
Electronics and Electron Physics, Vol. 34, No. 42, 
1973, page 57, there was disclosed an arrangement 
for protecting the superconductive connection and 
the heater of a persistent current switch using a pro- 
tection box of Teflon. That box had apertures therein 
to permit the coolant material to enter. The article did 
not contain further discussion of the purpose of that 
arrangement 

In the persistent current switch disclosed in JP- 
A-1-117004, the times needed to switch the super- 
conductive connection to and from the superconduct- 
ing state to the non-superconducting state has been 
found to be large. The reason for this is that a signif- 
icant amount of the heat supplied by the heater pass- 
es to the coolant material rather than heating the su- 
perconductive connection. This occurs even when 
the persistent current switch includes an encapsu- 
lant. The transfer to the superconducting from the 
non-superconducting state also depends on the 
transfer of heat through the encapsulant material to 
cool the superconductive connection. 

Therefore, at its most general, the present inven- 
tion proposes that the superconductive connection 
and heater of a persistent current switch be enclosed 
in a casing, butforthere to be a gap between the cas- 
ing and the components therein. Such a gap existed 
in the structure disclosed in the article by M.D. Sau- 
zada et al referred to above, but the present invention 
seeks to make advantageous use of that gap. 

In particular, it has been realized that if the gap 
and the heater are configured appropriately, the hea- 
ter will heat the part of the coolant material which is 
in the gap, and that heating may cause that coolant 
material to change from the liquid to the gaseous 
state. This causes a significant increase in the ther- 
mal conductivity, and thus the subsequent heating of 
the conductive connection will be more rapid, be- 
cause heat transfer through the casing to the sur- 
rounding coolant material is reduced. Furthermore, 
when the heating ceases, the coolant material in the 
gap will return to the liquid state, and/or additional 
coolant material will enter the gap, so that the super- 
conductive connection will be cooled rapidly. 

Therefore, according to a first aspect of the pres- 
ent invention, it is proposed that the heater is exposed 
in the gap. In this way, efficient heating of the coolant 
material in the gap will be achieved. 

In a second aspect, the present invention propos- 
es that the superconductive connection and the hea- 
ter be mounted on opposite sides of a mounting 
board, so that both are exposed to the gap. 

The casing used in a persistent current switch ac- 
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cording to the present invention normally needs to 
have at least one aperture therein, to permit coolant 
material to enter the gap, or to allow evaporated cool- 
ant material to escape. However, if there is only one 
aperture, a gas lock may be created at the aperture, s 
then preventing ingress of coolant material when 
heating is stopped, and slowing the rate at which the 
superconductive connection changes back to the su- 
perconducting state. Therefore it is desirable that a 
plurality of apertures are provided in the casing. 10 

It should be noted that the present invention re- 
lates not only to a magnetic field generator incorpor- 
ating a persistent current switch, but also to a persis- 
tent current switch assembly for such a generator, to 
a method of controlling a magnetic field using such a 15 
persistent current switch. 

The present invention is particularly, but not ex- 
clusively, concerned with a magnetic field generator 
in which the superconductive coil and/or the super- 
conductive connection of the persistent current 20 
switch are made of a high temperature superconduc- 
tive material and/or a superconductive oxide material. 
Such materials offer the significant advantage that 
their superconductive properties are more stable 
than a superconductive metallic material. Further- 25 
more, the coolant material may then be liquid nitro- 
gen, which is easier to obtain and handle than liquid 
helium. Furthermore, such materials have, when 
they are in the non-superconducting state, a higher 
resistance than the superconductive metallic materi- 30 
als. Hence, when they are used in a persistent current 
switch, the currents flowing therethrough when they 
are connected to a power supply are normally less 
than the critical current and so will not be maintained 
in the non-superconducting state by such currents. 35 
Thus, with the present invention, the removal of the 
heating will cause the persistent current switch to its 
superconducting state. 

Embodiments of the present invention will now be 
described in detail , by way of example, with reference 40 
to the accompanying drawings, in which: 

Fig. 1 is a sectional view through a magnetic field 

generator being a first embodiment of the present 

invention; 

Fig. 2 is a sectional view through the persistent 45 
current switch of the embodiment of Fig. 1; 
Fig. 3 is a perspective view of part of the persis- 
tent current switch of Fig. 2; 
Fig. 4 is a circuit diagram of the first embodiment 
shown in Fig. 1; 50 
Fig. 5 is a graph illustrating the relationship be- 
tween magnetization of magnetic field at various 
temperatures; 

Fig. 6 is a magnetic field generator according to 
a second embodiment of the present invention; 55 
Fig. 7 is a magnetic field generator according to 
a third embodiment of the present invention; 
Fig. 8 is a magnetic field generator assembly ac- 



cording to a fourth embodiment of the present in- 
vention; 

Fig. 9 is a magnetic field generator according to 
a fifth embodiment of the present invention; and 
Fig. 10 is a magnetic field generator according to 
a sixth embodiment of the present invention. 

Embodiment 1 

A first embodiment of the present invention will be 
described with reference to Figs. 1 to 4. The first em- 
bodiment relates to a magnetic field generator incor- 
porating a persistent current switch according to the 
present invention. 

In Fig. 1, a superconductive coil 1 is mounted in 
a coolant vessel 4. That coolant vessel 4 is filled with 
coolant material 6, to reduce the temperature of the 
coil 1 such that it is in the superconducting state. The 
superconductive coil 1 may be formed, for example, 
by superconductive wire or tape supported by insult- 
ing material. 

A persistent current switch 2 is connected across 
the coil 1, and the coil 1 is connected to a power 
source 5 outside the coolant vessel 4. The persistent 
current switch 2 is located at a position where the 
magnetic field generated by the superconductive coil 
1 is relatively weak, so that the behavior ofthe per- 
sistent current switch 2 is not affected by such a mag- 
netic field. 

In order to protect the superconductive coil 1 and 
the persistent current switch 2, a protection resistor 
3 is also connected across the coil 1. The function of 
this protective resistor 3 will be described in more de- 
tail later. 

In the embodiment of Fig. 1, the cooling vessel 4 
is an adiabatic vessel of e.g. stainless steel. The pow- 
er source 5 is a current controlled DC power supply. 
Fig. 1 also shows an access cover 8 in the cooling 
vessel 4, and a duct 9. The duct 9 then inlet 9a com- 
municating with a pipe 9c extending into the coolant 
vessel 4, for adding coolant 6 to the coolant vessel, 
and an outlet 9b communicating with the interior of 
the cooling vessel 4 above the coolant 6. That outlet 
9b is connected to a pump 10, if necessary, which 
permits the pressure within the cooling vessel 4 to be 
reduced. '•<- 

As shown in Figs. 2 and 3, the persistent current 
switch 2 has a mounting board 11, on one surface of 
which is mounted a superconductive connection 12. 
On an opposite surface of the mounting board 11 is 
a heater 13 which may be e.g. a manganin thin-film 
heater. Fig. 3 shows that the superconducting con- 
nection 12 may be in the form of a convoluted track 
of superconductive material on the mounting board 
11. The mounting board 11 may be made, for exam- 
ple, of AI2O3, SrT10 3 , MgO. The mounting board 11 is 
suitably 0.5 mm thick, 20 mm wide, and 30 mm long. 
Then, the superconductive connection 12 may be 4 
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mm wide, 2 jim thick, and 80 mm long. 

As shown in Fig. 2, the persistent current switch 
unit formed by the mounting board 11, the supercon- 
ductive connection 12, and the heater 13 is mounted 
in a casing 1 5, with there being a gap 14 between that s 
casing 15 and the persistent current switch unit Fur- 
thermore, openings 16 are provided in the casing 15 
so that coolant 6 in the cooling vessel 4 can fill the 
gap 14 by flow through the openings 16. Leads 17 
and 18 pass out of the casing 15 to the power source 10 
5. 

The casing 15 is of thermally insulting material, 
such as polyimide insulating sheet and epoxy resin. 
Its thickness will normally be between 0.1 mm and 10 
mm. Furthermore, the spacing between the casing 15 
15 and the superconductive connection 12 or heater 
1 3, corresponding to the gap 14, will also be of the or- 
der of 0.1 mm to 10 mm, and that spacing correspond- 
ing to the gap 14 is preferably similar to the thickness 
of the casing 15. The volume of the gap 14 is then de- 20 
pendent on the area of the persistent current switch 
unit, and will be determined by space considerations 
and also on the current that may be supplied to the 
heater 13. 

In general, spacing corresponding to the gap 14 25 
should be as small as practical, to minimise the power 
of the heater 13 needed to cause the coolent in the 
gap 14 to evaporate. 

The diameter of the apertures 16 is preferably ap- 
proximately equal to the thickness of the casing 15, 30 
to restrict, but not prevent, the flow of coolant 6 there- 
through. Typically, the thickness of the casing 1 5, the 
spacing corresponding to the gap 14, and the diam- 
eter of the apertures 16 are all of the order of 1 mm. 
If the apertures 16 have a diameter which is too large, 35 
coolant liquid 6 will flow into the gap 14 even when the 
heater 13 is powered, which may prevent the present 
invention from operating correctly. 

Fig. 4 shows the electrical circuit corresponding 
to the embodiment of Fig. 1 . Those parts within the 40 
cooling vessel 4 are indicated by a chain-dotted line, 
and those parts within the power source 5 are indi- 
cated by a dotted line. As can be seen, the supercon- 
ductive coil 1 is connected to a suitable power gener- 
ator 5a, and the conductive connection 12 of the per- 45 
sistent current switch 2 is connected across the ends 
of the coil 1 to be in parallel therewith. The protective 
resistor 3 is also connected in parallel with the super- 
conductive connection 12. The heater 13 is connected 
to a separate power source 5b within the power 50 
source 5. 

In use, with switches SW1 and SW4 dosed, the 
superconductive coil 1 is powered by the power gen- 
erator 5a so that a current flows through the super- 
conductive coil 1 to generate a suitable magnetic 55 
field. When the superconductive connection is in the 
superconducting state, switches SW1 and SW4 can 
be opened so that, a persistent current flows through 



the superconductive coil 1 and the superconductive 
connection 12. When it is desired to cut-off that per- 
sistent current, to increase or decrease the magnetic 
field, switch SW2 and SW3 are closed thereby apply- 
ing power from the power generator 5b to the heater 
13, causing the superconductive connection 12 to be 
heated until it passes its critical temperature, and 
changes to the non-superconducting state. 

If, whilst the persistent current flows through the 
superconductive coil 1 and the superconductive con- 
nection 12, the superconductive coil 1 or the super- 
conductive connection 12 accidentally changes to its 
non-superconducting state, the large amount of stor- 
ed energy could damage the superconductive coil 1 
and the superconductive connection 1 2. Therefore, to 
protect the superconductive coil 1 and the supercon- 
ductive connection 12, the protective resistor 3 is pro- 
vided in parallel therewith. 

When the heater 1 3 is activated, the fact that the 
heater 13 is exposed to the gap 14 means that cool- 
ant 6 which has entered that gap through aperture 1 6 
Is heated. That heating will cause the coolant 6 in the 
gap 14 to be heated until it changes from the liquid 
state to the gaseous state. Then, the thermal conduc- 
tivity across the gap 14 becomes very low, and sub- 
stantially all the heat from the heater 13 is transferred 
through the mounting board 11 to the superconduc- 
tive connection 12, thereby rapidly causing it to 
change to the non-superconducting state. Thus, the 
persistent current switch can be activated with only a 
small amount of heater power. 

Once the superconductive connection 12 has 
changed to the non-superconducting state, the power 
supply from the power generator 5b to the heater 13 
can be adjusted so that the temperature of the super- 
conductive connection 12 can be maintained a little 
higher than its critical temperature, to maintain it in 
the non-superconducting state. The coolant 6 cannot 
enter the gap 14 within the casing 1 5, as the pressure 
of the evaporated coolant within that gap prevents 
the flow through the aperture 16. Thus, if the heater 
is turned off, the pressure in the gap 14 decreases. 
This allows the coolant 6 to flow through the aperture 
16 into the gap 14. The coolant 6 then rapidly cools 
the superconductive connection 12, because it is in 
contact therewith, so that the superconductive con- 
nection 12 rapidly returns to the superconducting 
state. Thus, switching to or from the superconducting 
state is rapid. If the gap 14 was not provided, more 
heater power would be needed and the return of the 
superconductive connection 12 to the superconduct- 
ing state would be less rapid. 

The coolant in this embodiment may be, for ex- 
ample, liquid helium or liquid nitrogen. Liquid nitrogen 
is preferred. If the superconductive coil 1 and/or su- 
perconductive connection 12 is of a metal supercon- 
ductor, such as Nb-Ti alloy or a Nb-Sn intermetallic 
compound, however, the coolant needs to be liquid 
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helium. Liquid helium needs a refrigerant vessel of va- 
cuum heat insulation structure as its boiling point is at 
the low temperature of 4.2K. If the wire of the super- 
conductive coil 1 and the superconductive connection 
is of an oxide superconductor or other high tempera- 5 
ture superconductor, liquid nitrogen may be used. As 
the boiling point of liquid nitrogen is 77.3K, the cooling 
structure can be simplified. In addition, liquid nitrogen 
is very cheap, lower than one tenth the cost of the liq- 
uid helium. 10 

The boiling point of liquid nitrogen at atmospheric 
pressure is 77.3K. However, if the pressure is re- 
duced the boiling point is lowered. For example, un- 
der a pressure of 100 Torr the boiling point of liquid 
nitrogen is 64K. Hence, it is preferable for the high 15 
magnetic field generator of the present invention to 
be operated under such conditions. The pump 1 0 (see 
Fig. 1) may be used to reduce the pressure, and 
hence the boiling point. In general, the critical current 
density, the critical magnetic field of a superconduc- 20 
tive material are improved as the temperature is re- 
duced. When the temperature is lowered at a vicinity 
77K, as shown in Fig. 5, the critical current density is 
significantly improved. Therefore, it is preferable to 
use a superconductive coil 1 and a superconductive 25 
connection 12 of an oxide superconductor from 77K 
to 64K. 

The present invention should preferably use an 
oxide superconductor for the superconductive con- 
nection 12 and the superconductor coil 1 . 30 

A magnetic field generator according to the first 
embodiment of the present invention can use a metal 
superconductor or compound superconductor for the 
superconductive coil 1 and the superconductive con- 
nection 12. Alternatively, use can be made of any of 35 
oxide superconducting substances basic expressions 
of which are LnBa 2 Cu 3 0 7 . a [ Y-(1 23)] wherein Ln indi- 
cates rare earth elements, such as Y, Ho, and Er, 
Bi2Sr2CaCu2O3.fi [Bi(2212)], Bi 2 Sr 2 Ca 2 Cu309_ 5 [Bi- 
2223)], TfeBazCaCusOa. 5 [Tl-(221 2)], T^Ba^zCuaOs. 5 40 
lTl-(2223)], 7iBr2CaCu2Os.fi [TK1212)], TlST2Ca2Cu3O9.fi 
[Tl-(1223)], or any of their derivatives. 

The critical temperatures of oxide superconduc- 
tors are all higher than the coolant temperature. Pre- 
ferably, oxide superconductors containing any of thai- 45 
lium, alkaline earth metals, and copper oxides, hav- 
ing a layer perobskite structure, and having one TI-0 
layer in its crystal structure should be selected. These 
superconductors have superior critical temperature 
and superconducting characteristics in a magnetic so 
field. 

Their general Formula 1 is given by 
(TI1 . xAxMSr, . y Ba y )jCa k Cu m - O, 
wherein A is at least one of Pb and Bi, and the suffixes 
denote ranges as follows. 55 
x = 0.01 - 0.7, 
y = 0.01 - 0.7, 
i = 0.7 -1.3, 



j = 1.5 -2.5, 

k = 0.8 - 4.0, and 

m = 1.5- 5.0. 

It may be noted that if an oxide superconductor 
is used together with liquid helium as the coolent 6, 
then the temperature rise of the superconductive 
connection 12 needed for it to change to the non-su- 
perconducting state is large, e.g. of the order of 120K. 
If liquid nitrogen is used, this temperature rise is of the 
order of 40K. Inorderto mitigate this effect, it will nor- 
mally be necessary to use a larger gap 14 when the 
coolent 6 is liquid helium. 

Use of an oxide superconductor is advantageous 
in that such superconudctors have a higher resistivi- 
ty. A metal superconductor has a resistivity of about 
1.0x 10~ 7 Om whilst an oxide superconductor has a re- 
sistivity of 1 .0 x 1 (Hflm. Therefore, if an oxide super- 
conductor is used to form the superconductive con- 
nection 12, the length of that connection can be 1/100 
of the length of an equivalent superconductive con- 
nection 12 of metal semiconductor. 

Furthermore, the electromagnetic Instability of 
an oxide superconductor is smaller than a metal su- 
perconductor, because it has a higher specific heat 
capacity at the critical temperature. Thus, a metal su- 
perconductor has a specific heat capacity of about 
1 .0 x 1 0 4 Jnrr 3 at 10K whilst an oxide superconductor 
will normally have a specific heat capacity of at least 
1.0 x 10 e Jnrr 3 at 120K. 

An example of the first embodiment of the pres- 
ent invention will now be described. The persistent 
current switch 2 had a superconductive connection 12 
formed of a film of T1-(1223) oxide superconductor 
forming a current path on the upper surface of the 
mounting board 11 , by a laser abrasion method. The 
heater 13 was of manganin thin-film on the lower sur- 
face of the mounting board 11. The board 11 was of 
a single crystal 0.5 mm thick, 20 mm wide, and 30 mm 
long, and the superconductive connection 1 2 was 4 
mm wide, 2 urn thick, and 80 mm long. The casing 15 
was formed of polyimide insulating sheet and epoxy 
resin, two holes 16 of around 1 mm diameter. 

The persistent current switch 2 was tested by be- 
ing immersed in liquid nitrogen. It provided a critical 
current of 25 A and a resistance of 60 ohms in the 
non-superconducting state when the superconduct- 
ing state ended by turning on the heater 13. The su- 
perconducting state changed to a non-superconduct- 
ing state in 20 sec with a heater power of t'.W. The 
non-superconducting state persisted even when the 
heater power was decreased to 0.1 W. The supercon- 
ducting connection 12 returned to the superconduct- 
ing state in 5 sec when the heater was turned off. 

On the other hand, a switch in which there was 
no gap 14 required heater power of at least 0.5 W to 
change the superconducting state to the non-super- 
conducting state. With the heater power decreased 
below that level, the non-superconducting state could 
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not be maintained. Thus, it was found that the persis- 
tent current switch 2 of the embodiment could main- 
tain the non-superconductive state with one fifth of 
the heater power of a switch having no gap 14. 

In the example, the superconductive coil 1 was of 5 
silver sheath tape wire 3 mm wide and 0. 1 mm thick 
The wire was of T1-(1223) oxide superconductor with 
a critical temperature Tc of 122K. The wire was wound 
together with alumina non-fabric cloth to form a pan- 
cake coil, and this was laminated in 12 layers. Its size 10 
was 20 mm in inside diameter, 60 mm in outside di- 
ameter, and 40 mm in axial length. The persistent cur- 
rent switch 2 was placed at a position where the mag- 
netic field generated by the superconductive coil 1 
was weakest, outside the superconductive coil 1. 15 
Ends of the superconductive coil 1 were connected 
(shorted) by the persistent current switch 2. 

The protection resistor 3 used in the example had 
a resistance of 1 ohm. The cooling vessel 4 used was 
of stainless steel. The power source 5 used was a cur- 20 
rent-regulated DC power source. 

The superconducting coil 1 was caused to gener- 
ate a magnetic field with the cooling vessel 4 filled 
with liquid nitrogen. The heater 13 of the persistant 
current switch 2 received power of 1 W to turn off the 25 
persistant current switch 2, and the power source 5 
energized the superconductive coil 1. The supercon- 
ducting coil 1 generated a magnetic field of 1 T at its 
center when a current of 20 Aflowed through it Then 
the heater was turned off, and the persistent current 30 
switch 2 was turned on for operation in the persistent 
current mode. When the power supply was discon- 
nected to check decrease of the magnetic field, this 
was found to be 5% in one hour. It was thus found that 
there were no problems for practical use. 55 

The power required for an iron-core electromag- 
net, liquid helium cooled superconducting electro- 
magnet and the electromagnet of the example of the 
first embodiment were 4.7, 3.3, and 1 W/kg-T, respec- 
tively. ^ 

The magnetic field generator was light in weight 
and so could easily be carried as its net weight, ex- 
cluding the power supply, was approximately 5 kg. 

The magnetic field generator of the example of 
the first embodiment can have an additional magnetic 45 
shield to decrease leaking magnetic field leakage. 



Embodiment 2 

A second embodiment of the present invention is 50 
shown in Fig. 6. The embodiment has many structural 
similarities to the first embodiment shown in Fig. 1, 
and corresponding parts are indicated by the same 
reference numerals. However, in the second embodi- 
ment, the superconductive coil 1 is mounted axially 55 
around a bore 26 at room temperature. 



Embodiment 3 

The third embodiment of the present invention, 
shown in Fig. 7 is again generally similar to the first 
embodiment of Fig. 1, and the same reference numer- 
als are used to indicate corresponding parts. In the 
third embodiment, the power source 5 has a DC pow- 
er supply 51 with a variable resistor 52 connected in 
series therewith, to control the current to the super- 
conducting coil. If the magnetic field generated by the 
superconductive coil 1 reaches a predetermined lev- 
el, the apparatus may be switched to the persistent 
current mode, using the persistent current switch 2 
If t he DC power supply 51 is of dry cells, storage bat- 
teries, or other batteries, the magneticfield generator 
can be made portable. 

Embodiment 4 

Fig. 8 shows a fourth embodiment of the present 
invention, in which there are a pair of magnetic field 
generators 30. 31. Each of those magnetic field gen- 
erators 30, 31 has a structure similar to that of other 
embodiments, and corresponding parts are indicated 
by the same reference numerals. The embodiment of 
Fig. 8 has the advantage that the space around the 
centers of the superconductive coils 1 can be made 
large. It can also be seen that the power source 5 is 
moved to the radial side of the coils 1 f rather than be- 
ing axial as in the embodiment of Fig. 1. 

Embodiment 5 

Fig. 9 shows afifth embodiment of the present in- 
vention, which is of the forced-circulation cooling 
type. Again, corresponding parts are indicated by the 
same reference numerals. 

In this embodiment, there is a coolant inlet 91 at 
one part of the coolant vessel 4 and a coolant outlet 
92 at another part thereof. Coolant is supplied to the 
inlet 91 and discharged from the outlet 92. The inlet 
91 and outlet 92 may also be used for the passage 
therethrough of leads between the superconductive 
coil 1 and the power source 5. In such a magnetic field 
generator, the cooling vessel 4 can be small. 

Embodiment 6 



Fig. 10 shows a sixth embodiment of the present 
invention in which the magnetic field generator has a 
iron core 31 extending through the superconductive 
coil 1. Again, corresponding parts are indicated by 
the same reference numerals. 

The iron core 31 forms a magnetic circuit, and 
has a pole gap 32. Such a magnetic field generator 
has the advantage that the magnetic field is generat- 
ed at a region separate from the superconductive coil 
1 . Of course, the core 31 in this embodiment may be 
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of any magnetic material. 

A high magnetic field generator according to the 
present invention may be used with apparatuses for 
physics and chemistry, such as a magnetic character- 
istics measuring apparatus of the vibration sample 
type for use in measurement of magnetic character- 
istics of substances, a magnetic field characteristics 
measuring apparatus having a SQUID therein, and an 
NMR, an ESR analyzing apparatus, a mass spectrom- 
eter, or an electron microscope. It also can be used for 
Magnetic Resonance Imaging (MRI) in medical diag- 
nosis. It may also be applied to a magnetic separator, 
a superconducting electromagnetic propelled ship, an 
inspection apparatus having a SQUID therein for in- 
spection of atomic reactor piping, a single crystal 
manufacturing apparatus, an MHD generator, a su- 
perconducting generator, a nuclear fusion apparatus, 
or a high energy particle accelerator. 

The present invention has the advantage of low 
operation cost as the permanent current switch can 
be controlled with little heater power. 



Claims 

1. A magnetic field generator, comprising: 

a cooling vessel (4); 

coolant material (6) in said cooling vessel 

(4); 

a superconductive coil (1) in said coolant 
material for generating a magnetic field; 

a power supply (5) connected to said su- 
perconductive coil (1) for energizing said super- 
conductive coil (1); 

a persistent current switch unit electrically 
connected across ends of said superconductive 
coil (1) said persistent current switch unit (2) in- 
cluding a superconductive connection (12) and a 
heater (13) for heating said superconductive con- 
nection (1 2); and 

a housing containing said persistent cur- 
rent switch unit; 

characterised in that: 

said housing includes a casing (15) and 
there is a gap (14) between said casing (15) and 
said persistent current switch unit, said casing 
(15) having at least one aperture (16) therein, 
such that said gap (14) is in communication with 
the exterior of said casing (15); 

whereby a part of said coolant material (6) 
is in said gap (14), and said heater (13) contacts 
said part of said coolant material (6) in said gap 
(14). 

2. A magnetic field generator according to claim 1 , 
wherein said at least one aperture (16) comprises 
a plurality of apertures. 



3. A magnetic field generator according to claim 1 or 
claim 2, wherein said persistent current switch 
unit further includes a mounting board (11) hav- 
ing first and second opposite surfaces, and said 

5 superconductive connection (1 2) and said heater 

(13) are mounted on said first and second oppo- 
site surfaces, respectively. 

4. A magnetic field generator, comprising: 
10 a cooling vessel (4): 

coolant material (6) in said cooling vessel 

(4); 

a superconductive coil (1) in said coolant 
material (6) for generating a magnetic field; 
15 a power supply (5) connected to said su- 

perconductive coil (1) for energizing said super- 
conductive coil (1); 

a persistent current switch unit electrically 
connected across ends of said superconductive 
20 coil (1), said persistent current switch unit com- 

prising a superconductive connection, and a hea- 
ter for heating said superconductive connection; 

a housing containing said persistent cur- 
rent switch unit, said housing including a casing 
25 (15) and there being a gap (14) between said cas- 

ing (15) and said persistent current switch unit; 

characterised in that 

said persistent current switch unit further 
including a mounting board (11) having first and 
30 second opposite surfaces, said superconductive 

connection (12) and said heater (13) being 
mounted on said first and second opposite sur- 
faces, respectively. 
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A magnetic field generator according to any one 
of the preceding claims, wherein said supercon- 
ductive connection (12) is connected across said 
ends of said superconductive coil (1). 



6. A magnetic field generator, comprising: 
a cooling vessel (4); 

coolant material (6) in said cooling vessel 

(1): 

a superconductive coil (1) in the coolant 
45 material (6) for generating a magnetic field; 

a power supply connected to said super- 
conductive coil (1) for energizing said supercon- 
ducting coil (1); 

a persistent current switch unit electrically 
so connected across ends of said superconductive 

coil (1); and 

a housing containing said persistent cur- 
rent switch unit; 

characterised in that 
55 the thermal conductivity of said housing 

between said persistent current switch unit and 
said coolant material (6) is variable. 
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7. 



A magnetic field generator according to any one 
of the preceding claims, wherein said coolant ma- 
terial (6) is liquid nitrogen. 



8. A magnetic field generator according to claim 7, 
wherein said liquid nitrogen is under a pressure 
less than atmospheric pressure. 



9. 



A persistent current switch assembly for a mag- 
netic field generator, comprising: 

a persistent current switch unit, including 
a connection (12) of superconductive material, 
and a heater (13) for heating said connection 
(12); and 

a housing containing said connection (12) 
and said heater (13), said housing including a 
casing (15) of thermally insulating material and 
there being a gap (14) between said casing (15) 
and said persistent current switch unit; 

characterised in that 

said heater (13) is exposed in said gap 

(14). 



11- A persistent current switch assembly for a mag- 
netic field generator, comprising: 

a persistent current switch unit comprising 
a superconductive connection (12), and a heater 
(13) for heating said superconductive connection 
(12), and; 

a housing for said persistent current 
switch unit, said housing including a casing (15) 
and there being a gap (14) between said casing 
(15) and said persistent current switch unit; 

characterised in that: 

the persistent current switch unit also in- 
cludes a mounting board (11), said mounting 
board having first and second opposite surfaces, 
and said superconductive connection (12) and 
said heater (13) are mounted on said first and 
second opposite surfaces, respectively. 

12. A method of controlling a magnetic field genera- 
tor, comprising: 

generating a magnetic field using a super- 
conductive coil (1) in a coolant material (6); 

shorting ends of said superconductive coil 
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10. A persistent current switch assembly for a mag- 
netic field generator, comprising: 25 

a connection (12) of superconductive ma- 
terial; 

a heater (13) for heating said connection 
(12); and 

a housing containing said connection (12) 30 
and said heater (13); 

characterised in that: 

the thermal conductivity of said housing is 
variable. 
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(1) through a persistent current switch (2) having 
a superconductive connection (12) in a supercon- 
ducting state; and 

heating said superconductive connection 
(12) to cause said superconductive connection to 
change from said superconducting state to a non- 
superconducting state; 

wherein said superconductive connection 
(12) is in a housing with a gap (14) between a 
casing (15) of said housing and said supercon- 
ductive connection (12), a part of said coolant 
material (6) is in said gap (14); 
characterised in that 
said heating of said superconductive con- 
nection (12) is such as to cause said part of said 
coolant material (6) to change from a liquid state 
to a gaseous state. 

13. A method of controlling a magnetic field genera- 
tor, comprising: 

generating a magnetic field using a super- 
conductive coil (1) in a coolant material; 

shorting ends of said superconductive coil 
(1) through a persistent current switch having a 
superconductive connection (12) in a supercon- 
ducting state; and 

heating said superconductive connection 
to cause said superconductive connection to 
change from said superconducting state to a non- 
superconducting state; 

wherein said superconductive connection 
(12) is in a housing with a gap (14) between a 
casing (15) of said housing and said supercon- 
ductive connection (12), and a part of said cool- 
ant material (6) is in said gap; 
characterised in that 
said method further includes the step of 
stopping said heating of said superconductive 
connection (12), said stopping of said heating 
causing said superconductive connection (12) to 
change from said non-superconducting state to 
said superconducting state. 
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@ A magnetic field generator, a persistent current switch assembly for such a magnetic field generator, 
and the method of controlling such a magnetic field generator. 



@ A magnetic field generator has a supercon- 
ductive coil (1) immersed in a coolant material 
(6). When power is supplied to the supercon- 
ductive coil (1) from a suitable power source (5), 
the superconductive coil (1) is energised to 
generate the magnetic field. The ends of the 
superconductive coil (1) may then be shorted 
through a persistent current switch (2), to main- 
tain the magnetic field without the need for 
further power. The persistent current switch (2) 
has a superconductive connection (12) connec- 
ted across the ends of the superconductive coil 
(1) and a heater (13). These components are 
enclosed in a casing (15) with a gap (14) be- 
tween these components and the casing (15). 
Apertures (16) in the casing (15) permit coolant 
material (6) to enter the gap (14). When the 
heater (13) is energised, it heats the coolant 
material (6) in the gap (14) until it vaporises. 
There is then a significant decrease in the 
thermal conductivity through the gap (14) hen- 
ce the superconductive connection (12) is 
heated rapidly to its critical temperature. Only 
low power is needed. When the heater (13) 
stops being energised, liquid coolant material 
(6) fills the gap (14) thereby rapidly cooling the 
superconductive connection (12) to below its 
critical temperature. 
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